Introduction
Optical microscopy forms the basis of most of the natural sciences. Life sciences, in particular, benefit from the fascinating possibility of studying the smallest structures and processes in living cells and tissue. Besides the direct visualization, structural-specific information crucial for chemical analysis is obtained through Raman spectroscopy. Optical techniques feature extremely high detection sensitivity, reaching the single-molecule limit in fluorescence, Raman, and absorption spectroscopy. [1] [2] [3] [4] Today, our continuously increasing ability to control and structure nanoobjects has led to an urgent need for new microscopic tools-preferentially, optical microscopy with nanoscale spatial resolution. Moreover, novel measurement techniques always stimulate research in different areas by providing new insight and giving access to new physical phenomena.
Optical diffraction is a function of the wave nature of light. The spatial resolution of conventional microscopy is limited to half the wavelength of the light used. In the last decade optical microscopy has been extended down to nanometer length scales through the development of farfield and near-field techniques. Far-field techniques rely on the detection of propagating waves at distances from the source that are larger than the wavelength of the electromagnetic wave, while near-field techniques exploit shortrange evanescent waves. Near-field optical microscopy, initiated by pioneering work of Pohl, Lewis, and others in the 1980s, raised high expectations for the first resolution at the nanoscale. [5, 6] The history of near-field optics is reviewed in recent articles by Pohl and Novotny. [7, 8] In addition, numerous reviews and books describe the fundamentals and applications of near-field optics. [9] [10] [11] [12] This Review focuses on recent developments of a particular type of near-field technique that is based on a laser-illuminated metal tip. This technique, which is termed tip-enhanced near-field optical microscopy (TENOM), has been shown to be the most powerful tool for the optical characterization of surfaces, not only providing superior spatial resolution down to 10 nm but also enormous signal enhancement.
The basic physical principles of evanescent and propagating waves as well as the loss of spatial information upon propagation are first outlined. In the following sections the origin of electromagnetic field enhancement at a metal tip and applications for signal enhancement are described. Experimental transformations and recent examples of tipenhanced Raman scattering and fluorescence are reviewed. The outlook addresses future prospects of TENOM and the remaining challenges.
Principles
The goal of near-field optics is to overcome the diffraction limit of optical imaging. [13, 14] In the following the physical principles underlying the diffraction limit that is associated with the optical far-field formed by propagating waves are outlined and their evanescent counterpart that dominates the near-field of a radiation sourceis described. A powerful tool for describing wave propagation is the so-called angular spectrum representation. Here, the electric field E in the detector plane at z is expressed as the superposition of harmonic waves of the form exp(i k rÀiwt) with amplitudes Ē (k x ,k y ,z=0) that emanate from the source plane at z = 0 [Eq. (1) ]. [15, 9] Eðx,y,zÞ ¼ Z þ1
À1
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The wave vector k, which describes the propagation direction of the wave, is represented by its components k = (k x ,k y ,k z ), while its length is fixed by the wavelength of the light l and the refractive index of the medium n through
In Equation (1) the time dependence of the fields has been omitted for clarity. For simplicity the following discussion is limited to the x-z plane and n = 1 such that jk z j ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2p 2 =l 2 Àk 2 x q . In Equation (1) the term exp(AEi k z z) controls the propagation of the associated wave: For k x 2p/l, the component k z is real and the corresponding wave with amplitude Ē (k x ,z=0) propagates in the z direction with an oscillation of exp(Ài k z z). If k x > 2p/l, the component k z becomes complex and exp(Àjk z jz) describes the exponential decay of the associated, and therefore, evanescent wave. As a result, only waves with k x 2p/l can propagate and contribute to the field far from the source. Figure 1 illustrates this behavior: On the left the electric field E emanating from a narrow subwavelength source is shown together with its angular spectrum calculated by the inverse of Equation (1). In general, the wave amplitudes Ē result from a two-dimensional Fourier-transformation of E. As for the correlation between the time and the frequency domain, where a short optical pulse requires a broad frequency spectrum, a sharp field distribution requires a broad spectrum of spatial frequencies k x . Since only waves with spatial frequencies limited to k x 2p/l can propagate, the spectral width rapidly decreases with increasing distance from the source z, thereby leading to a fast broadening of the electric field distribution in real space. In other words, propagation corresponds to low-pass filtering with a frequency limit k x,max = 2p/l. The far-field thus contains limited spatial frequencies equivalent to limited spatial information. To overcome this limitation, both far-field and near-field concepts have been developed that are outlined in the following section.
Far-Field Concepts
Signals emanating from two identical incoherent sources separated by a few tens of nanometers only (for example, two fluorescent molecules) cannot be distinguished in the far-field since high spatial frequencies containing the necessary information are lost upon wave propagation. To distinguish the signals from the two sources, far-field techniques require situations in which the two sources do not emit simultaneously at all times with the same emission properties. This situation can be achieved either by active control, for example, through stimulated emission depletion (STED), [16, 17] or by using stochastical readouts based on photophysical and photochemical effects of the source, such as photoinduced blinking, bleaching, or switching. The latter approaches are termed photoactivated localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). [18, 19] The STORM and PALM methods rely on a high signal to noise ratio, which is determined mainly by the detection sensitivity and fluorescence quantum yield which needs to be sufficient to discriminate the signal from single emitters. In this case, the problem of spatial resolution is reduced to the problem of position accuracy that describes the task of localizing a single emitter. Optimized techniques currently reach a position accuracy of about 1.5 nm for single molecules. [20] When fluorescent markers are used to visualize sample structures, the spatial separation of the markers needs to be on the length scale of the desired spatial resolution in the sample, for example, at corresponding high concentrations of approximately 1 marker in 10 nm 3 . A recent review on the principles, progress, and prospects of high-resolution far-field techniques is given in Ref. [21] In general, existing far-field concepts rely on the photophysical or photochemical properties, such as emission energy or excited-state lifetime, of the sample and thus require prior knowledge. A great advantage of these techniques is their three-dimensional imaging capability-a prerequisite for intracellular studies. [22] On the other hand, existing far-field techniques do not provide signal enhancement, which becomes increasingly relevant upon further decrease in the detection volume. At present, existing far-field techniques are not applicable to Raman scattering. Schematic representation illustrating the propagation of waves and the loss of spatial information. Top row: Initial field distribution E(x,z=0) at a 10 nm wide source in the x-z plane (left) and corresponding angular spectrum j Ē(k x ,z=0) j (right). The spectrum contains both evanescent and propagating waves near the source. The two lower rows illustrate the development of the fields at a distance of z = 30 nm and z = 90 nm. Only waves with k x 2p/l % 0.0126 nm
À1
propagate when light with a wavelength of l = 500 nm is used in a vacuum. Evanescent waves decay exponentially following exp(Àk z z). The decay of high spatial frequencies leads to spatial broadening and loss of spatial information.
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Near-Field Concepts
Near-field optical microscopy follows a different approach, in which high spatial information is achieved through interactions between a pointed probe and the electromagnetic near-field of the sample. Raster scanning the probe and simultaneous signal detection then allows for image formation. Since higher spatial frequencies are associated with faster exponential decay (see definition of k z in Section 2), high-resolution imaging requires probe-sample distances of a few nanometers. As a consequence, near-field microscopy is limited to surface or subsurface studies. [23] Four different focusing concepts are illustrated in Figure 2 , including lens-based far-field focusing (Figure 2 a) , the widely used aperture-type approach (aperture-SNOM, Figure 2 b), and tip enhancement ( Figure 2 c and d) , which is the focus of this Review.
The introduction of the aperture probe in the 1980s for near-field microscopy allowed, for the first time, optical imaging with a resolution better than the diffraction limit, and stimulated interest in many disciplines, especially the material and biological sciences. [8, 24, 25] Aperture probes typically consist of an aluminum-coated fiber tip, the end of which is left uncoated to form a small aperture. Unfortunately, only a tiny fraction ( 10 À4 for a 100 nm aperture) of the light coupled in the fiber is emitted at the aperture, because the propagating waveguide modes are effectively cut-off as the diameter of the tip becomes smaller. [26] In tip-enhanced near-field optical microscopy (TENOM), enhanced optical fields in proximity to a sharp metallic probe are used to locally excite the sample and to extract the emitted light (Figure 2 c) . Figure 2 d shows the so called tip-on aperture (TOA) probe that combines the advantages of the aperture type and TENOM. The use of laser-illuminated metal tips for near-field imaging was suggested by Wessel in 1985 . [27] In general, three different approaches can be distinguished: 1) Scattering-type microscopy in which the sample response is detected in the far-field at the frequency of the incident light; [28] [29] [30] 2) tip-enhanced nonlinear optical frequency generation and mixing, such as, for example, through second-harmonic generation (SHG) and four-wave mixing (4WM); [10, [31] [32] [33] [34] 3) tip-enhanced microscopy, which utilizes the locally enhanced fields to increase the inelastic spectroscopic response of the system. [1, 10, 11, [35] [36] [37] Local signal enhancement serves to achieve high spatial resolution, but also increases the detection sensitivity enormously. The technique is, therefore, applicable to weak emitters with low quantum yields or intrinsically weak signals such as Raman scattering. The versatility of the technique allows the study of a variety of spectroscopic signals, including local time-resolved fluorescence. This Review focuses on the third approach and the interested reader is referred to the references listed for the other two approaches. The next section of this Review contains a brief theoretical description of field enhancement at a metal tip and how these fields modify the optical signals.
Field-Enhancement at a Metal Tip
Field enhancement at metal structures is a phenomenon we encounter almost daily, as it forms the principle of a lightning rod, a radio antenna, and the coloring based on metallic nanoparticles. In fact, the three examples also illustrate the different contributions to field enhancement: The electrostatic lightning-rod effect is caused by geometric singularities that lead to highly localized surface-charge densities, which also form the basis for field emission (Figure 3 a) . Surface plasmon resonances of metal particles reflect the shape and dielectric properties and result in characteristic extinction spectra (Figure 3 b) . Antenna resonances become relevant if the length of the metal structure matches multiples of half the wavelength of the radiation ( Figure 3 c and d) . [38, 39] Antenna and plasmon resonances exhibit distinct wavelength dependencies, with pronounced maxima in the field intensity that are tunable through the visible spectral range. The electrostatic lightning-rod effect depends on the conductivity of the material at light frequencies, and typically increases towards the IR spectral range. [38, 40] Numerous theoretical studies have been published in which a variety of techniques have been employed to quantify the contributions from different field-enhancement mechanisms and to find the optimum tip structure. The difficulty in characterizing metallic structures in the optical regime results from the fact that metals do not behave as perfect conductors at these frequencies. Electromagnetic fields are not confined to surfaces, and their finite depth ultimately results in deviations from simple antenna theory. Another consequence is the formation of surface plasmon polaritons at the boundary between metals and dielectrics. The influence of the tip shape and material on the field enhancement has been discussed in a series of publications aimed at finding the optimum tip. [41] [42] [43] For simple tip structures, the highest enhancement is predicted theoretically and verified experimentally to occur in the retarded regime, that is, when the antenna length is related to an effective wavelength. [39, 44] Results from different numerical techniques need to be compared quantitatively to assess the technical difficulties and to maximize the significance of theoretical predictions. [45] Theory and experiments on surface-enhanced Raman scattering show that the highest enhancement results with two Figure 2 . Focusing concepts: a) Far-field focusing using a lens. The angular frequency range of propagating waves k x,max , and thus the focus diameter, is limited by the aperture angle of the lens k x,max = n sin(q)2p/l, with n being the refractive index and l the wavelength of light. b) Aperture-type scanning near-field optical microscope (aperture-SNOM). c) Tip-enhanced near-field optical microscopy (TENOM). d) Tip-on-aperture (TOA) approach, which combines the advantages of (b) and (c).
or more particle configurations, such as through the combination of spheres, antennas, or in more complex colloidal aggregates. [34, 44, [46] [47] [48] [49] [50] [51] [52] Similarly, field enhancement is increased enormously by combining tips over metal surfaces with higher localization (Figure 3 e,f). [53] [54] [55] [56] In contrast, field enhancement is expected to drop rapidly for samples covered by a thin dielectric layer. [23] The interaction between the tip and the sample substrate leads to surface-and distance-dependent spectral shifts of the plasmon resonances which complicate the quantification of the field enhancement achieved in a particular configuration. [57] [58] [59] [60] Recent experiments using tips on metallic substrates revealed that fields are enhanced additionally by surface features of sub-or a few nanometer sizes, which are hard to observe in AFM images (see also Figure 9 in Section 7). [60, 61] To avoid artefacts, atomically smooth metal substrates are necessary for quantitative TENOM imaging. Maximized fields are not sufficient for TENOM applications since they also have to be accessible in the scanning probe configuration, and therefore have to occur at the extremities of the particle or tip. [39] Moreover, the dimensions of the probe should be small, since they directly determine the topographic resolution and the possibility of topographic artefacts resulting from variations in the tip-sample distance. [62, 63] The field distribution and localized enhancement do not only depend on the particle arrangement and wavelength but also on the polarization state of the excitation light. To establish a strong field enhancement at tips formed by sharpened wires, the electric field of the exciting laser beam needs to be polarized along the tip axis. [38] Initially, field distributions were calculated for continuous excitation with plane waves. In the retarded regime, where light propagation becomes relevant-such as in the case of extended antenna structures-tightly focused excitation or excitation with evanescent waves will lead to modified field distributions. Advanced approaches for field engineering utilize surface plasmon propagation and retardation. Chirp-and polarization-controlled laser pulses can be designed so that the targeted adaptive subwavelength control of nanooptical fields at metal structures can be achieved. This has recently been developed into an efficient tool that has resulted in the new field of ultrafast nanooptics. [64] [65] [66] [67] An important step is the development of nonoptical techniques for the visualization of fields and electromagnetic eigenmodes of nanostructures. The combination of electron energy loss spectroscopy (EELS) and scanning transmission electron microscopy (STEM) can be applied to observe plasmons as resonance bands in the energy-loss spectra of focused electron beams, thus providing nanometer spatial resolution. [69] Energy-resolving two-photon photoemission electron microscopy (PEEM) probes the electric-field potential with the spatial resolution of 0.5 nm determined by the electron optics. [66, 67] 
Enhancement of Optical Signals with a Metal Tip
Although the enhanced electromagnetic fields are localized at the tip apex (see previous section and Figure 3) , the image contrast formed by raster scanning the sample does not simply reflect the tip shape. In other words, tip-enhanced optical imaging does not correspond to atomic force microscopy (AFM) with optical information. In particular, since Raman scattering and fluorescence are distinct optical processes involving different electronic states of the sample material with a different degree of coherence, the enhancement effects for either type of sample, and thus the image contrast, is expected to vary.
The enhanced fields at the tip cause enhanced excitation rates that correspond to an increase in the excitation density provided by the light source. In general, the enhancement of the excitation rate k ex will be identical for Raman scattering and fluorescence if the electronic dephasing is not changed. By defining the field enhancement factor f as the ratio A. Hartschuh Reviews 8182 www.angewandte.org between the electric field at the tip E tip (x) and without the tip E 0 (x), the excitation rate enhancement is expressed as k ex,tip / k ex,0 = f 2 . In analogy to a radio which can be used both as a receiver and a sender, the enhanced fields can also promote radiative decay, which is expressed by the rate k rad . This enhancement of the radiative rate can be explained in terms of the Purcell effect and is expressed by Fermis golden rule in the weak coupling range. [70, 71] 
Enhancement of Raman Scattering
In the case of Raman scattering, the total signal depends on the product of the transition rates k ex (l ex )k rad (l rad ). As a consequence, the total signal enhancement scales with the fourth power of the field enhancement for small differences between the excitation and emission wavelength, assuming that the field enhancement at the tip does not depend sensitively on the wavelength [Eq. (2)].
For the general case of surface-enhanced Raman scattering (SERS), enhancement factors of up to 12 orders of magnitude have been reported for particular multiple particle arrangements with interstitial sites between the particles or sharp protrusions on the outside surface. [46, 72] Since the signal scales with the fourth power, a moderate field enhancement, predicted for a single spherical particle to be in the range of f = 10-100, is already sufficient for enormous signal enhancement.
Enhancement of Fluorescence
The fluorescence intensity depends on the excitation rate k ex and the quantum yield h, which denotes the fraction of transitions from the excited to the ground state that give rise to an emitted photon. The quantum yield is expressed in terms of the radiative rate k rad and the nonradiative rate k nonrad through h = k rad /(k rad + k nonrad ). Accordingly, the fluorescence enhancement arising from the presence of the metal tip can be written as Equation (3).
Here, we assume that the system is excited far from saturation. From Equation (3) it is clear that TENOM works most efficiently for samples with a small fluorescence quantum yield and fast cycling rates, such as, for example, with semiconducting single-walled carbon nanotubes. [73, 74] For highly fluorescent samples, such as dye molecules, the quantum yield h 0 is already close to unity and cannot be enhanced further. The small separation between the emitter and the metal tip that is required for high spatial resolution (below 10 nm in typical experiments) necessitates that nonradiative transfer of energy from the electronically excited molecule to the metal followed by nonradiative dissipation in the metal has to be taken into account. This process represents an additional nonradiative relaxation channel and reduces the number of detected fluorescence photons. Although the theory of energy transfer between molecules and flat metal interfaces is well understood in the framework of phenomenological classical theory, [75, 76] nanometer-sized objects are more difficult to quantify. The tip-induced enhancement and quenching of the radiative rate has been studied theoretically. [51, 71, [77] [78] [79] [80] Experiments on model systems comprised of single dipole emitters such as fluorescent molecules and metal particle antennas revealed a distancedependent interplay between competing enhancement and quenching processes. [81] [82] [83] [84] [85] Besides amplifying the emission signals, the particle-induced enhancement of the radiative rate can also lead to a substantial spatial and spectral redistribution of the emission. [83, 86, 87] The orientation of the emitter dipole with respect to the antenna structure is of major importance for the resulting modification of the radiative rate. [83] Although semiconducting tips will result in less-efficient quenching, [88, 89] they will also provide weaker enhancement because of their lower conductivity at optical frequencies.
Since signal enhancement and high spatial resolution are the result of near-field interactions between the probe and sample, TENOM spectra can differ substantially from the corresponding far-field spectra. Large wave vectors k, for example, are expected to initiate optical transitions beyond standard dipole approximations, assuming constant excitation fields. [90] [91] [92] Large field gradients could influence the selection rules, thus leading to different Raman spectra. [93] An improved understanding of near-field optical interactions and phenomena would enable their controlled exploitation, thus leading to additional and new spectroscopic information.
Experimental Realizations

Near-Field Microscopes
Since field enhancement is localized at the tip apex, methods to control the tip-sample distance on the length scale of a few nanometers are required. Experimental implementations are based on the detection of normal or shear forces in AFM or the detection of current in scanning-tunneling microscopy (STM). [94, 95] A variety of TENOM probes are employed, including sharp gold or silver tips fabricated by electrochemical etching of thin wires and metal-coated AFM probes, which are commercially available. [10, 35, 37] Alternatively, field-enhancing metal particles can be attached to sharpened glass probes. [96] [97] [98] More elaborate approaches combine etching and focused ion beam milling (FIB) to give tailored plasmonic structures, such as the so-called bow-tie antennas. [81, 99, 100] Illumination methods can be divided into two classes based on their applicability to nontransparent samples (Figure 4) . Side illumination allows the study of nontransparent samples, for which the required polarization along the tip axis can be easily fulfilled (Figure 4 b) . In the case of transparent samples, on-axis illumination can benefit from high numerical aperture objectives (NA > 1) that decrease
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Angewandte Chemie the size of the confocal volume contributing to the far-field background and that maximize the collection efficiency of the emitted light. The later point is paramount in the case of weakly fluorescent species, for which photobleaching at high excitation densities becomes an issue. For on-axis illumination, however, light propagation is parallel to the polarization direction required for efficient field enhancement at the tip. This requirement can be fulfilled by using higher order laser modes. [101, 102] Nontransparent samples can be investigated at high numerical aperture by employing parabolic mirror objectives instead of glass objectives (Figure 4 c) . [60, 103, 104] Moreover, parabolic mirrors do not exhibit chromatic aberrations and can be used at all temperatures as well as under UHV conditions, thus making them ideally suited for surfacescience studies. Their alignment is delicate, since minor deviations already lead to substantially altered focal fields and reduced detection sensitivity. [103] To acquire an image, the tip is positioned in the focus of the objective and illuminated by laser light. The optical signal is typically collected through the same objective and detected either using sensitive photodiodes or spectrometers equipped with CCD cameras. Raster scanning the sample then allows for the simultaneous detection of near-field optical signals and the topography of the sample. Spectroscopic images formed by acquiring spectra at each pixel of the scan provide very detailed information and offers true spectroscopic contrast.
Far-Field Background
The configurations discussed so far utilize far-field illumination of the metal tip. As mentioned above, besides the signal resulting from the near-field interaction between the tip and the sample, a far-field signal is detected, which is referred to as the far-field background. A substantial nearfield enhancement of the signal is thus necessary since it needs to compete with the far-field background resulting from the much larger diffraction-limited sample volume. For highresolution imaging, the signal results approximately from a circular sample surface area of p (5 nm) 2 , whereas the confocal area is about p (200 nm) 2 . These values lead to a surface area ratio of 40 000/25. In bulk samples, the finite decay length of the near-field of about 10 nm and the longitudinal focal depth of about 500 nm in far-field microscopy must be taken into consideration; this further increases the ratio by a factor of 50. From this viewpoint it is apparent that TENOM works best for low-dimensional structures such as 1D nanowires or isolated emitters such as semiconductor quantum dots.
Several approaches to minimize or delineate the background contribution have been developed. One such approach makes use of the rapid decay of the near-field signal upon increasing the tip-sample distance. Here, tappingmode AFM is used to probe the sample while the optical signal is demodulated at the fundamental or higher harmonics of the tapping-mode frequency. This approach also forms the basis of elastic scattering microscopy mentioned previously in Section 2. In the case of weakly emitting samples, such as with single fluorescent molecules, the detection time (time tagging) of the photons with respect to the tapping oscillation is used. In this way, photons related to dominating near-field interactions and generated in small tip-sample distances can be distinguished from those corresponding to far-field contributions at larger tip-sample distances. [55, 105] The corresponding demodulation of CCD signals is currently challenging, and precludes the acquisition of complete spectra at higher harmonic tapping mode frequencies.
Different approaches utilize particular probes that avoid far-field excitation of the sample area. The so-called tip-onaperture (TOA, Figure 2 ) combines the best of two techniques: high spatial resolution and signal enhancement provided by sharp tips and illumination of the tip with an evanescent wave resulting from an aperture smaller than the wavelength. [106, 107] In addition, tip fabrication allows the tip length to be tuned to match the antenna resonances, thereby further maximizing the field enhancement. [108] Other methods make use of surface plasmon propagation. The challenge of coupling propagating light to plasmons can be met through the coupling of the grating to the light. In such an approach, laser excitation of a grating written by FIB into a tapered gold tip is used to launch surface plasmons that propagate to the tip apex. [109] Efficient excitation of propagating plasmons can also be achieved by using higher order laser modes coupled into opaque metal-coated tapered glass fibers. [79, 110, 111] In a simplified view, a tip-enhanced near-field optical microscope is built by combining a confocal microscope with a setup for controlling the tip-sample distance, for example, an atomic force (AFM) or a scanning tunneling microscope (STM). Although these microscopy techniques are fully developed, their combination certainly adds substantial complexity and will require careful design modifications to [73] The optical signal is detected either by two avalanche photodiodes (APDs) for the VIS and NIR ranges or by a combination of a spectrograph and a CCD camera. b) Side-illumination of the tip on top of a nontransparent substrate. c) Focusing of light using a parabolic mirror. To generate a strong field component parallel to the tip axis required for efficient field enhancement, (a) and (c) utilize a radially polarized laser mode. [60, 101, 102] d) Calculated field distribution of a focused radially polarized beam. Reprinted from Ref. [60] .
achieve a high-degree of user-friendliness. Although there is a huge variety of different probes for AFM, including chemically functionalized and magnetic probes, most of the commercially available tips to date can not be used efficiently for TENOM, as they are based on semiconductor materials that provide only weak signal enhancement (see Section 4) . The large-scale fabrication of metallic or metallized probes with maximized field-enhancement factors at high reproducibility is a key issue at present.
Tip-Enhanced Fluorescence (TEF)
Confocal microscopes offer detection efficiencies sufficient for the fluorescence imaging of single molecules with high fluorescence quantum yield. Here, the signal enhancement provided by the tip serves mainly to increase the spatial resolution. There are many examples in the literature of tipenhanced fluorescence microscopy that use one-or twophoton excitation. [1, 73, 82, 83, 105, 107, 108, 112, 113] In the following, selected examples are reviewed to highlight the capabilities of TENOM and to illustrate the discussions in the previous sections.
Single-Molecule Fluorescence Enhancement
Several experiments demonstrate the competition between field-enhancement and tip-induced quenching in clearly defined single-molecule experiments (see also Section 4). Metallic spheres have been used, for which the field distribution can be calculated analytically. [82-84, 107, 114] Figure 5 a shows the dependence of the fluorescence signal on the distance for a single molecule oriented perpendicular to the substrate plane. Substantial signal enhancement is observed upon decreasing the tip-sample distance, while fluorescence quenching is observed to dominate below about 5 nm. The good agreement between the theoretical and experimental curves, including different dipole orientations with respect to the tip, indicate that this effect is well understood and can be accounted for in experiments. [82, 83, 115] As a result of the different distance dependencies for fluorescence enhancement and quenching, there is an optimum tip-sample distance in tip-enhanced fluorescence microscopy (see Figure 5 a and Section 4.2). Several experiments have been carried out in which additional inert polymer layers were used as spacers to ensure the spacing. [108, 116] However, as shown in Ref. [23] , this results in a substantial loss in field enhancement and resolution because of the drop in field strength caused by the dielectric.
Imaging of Fluorescent Biosurfaces
The applicability of TENOM to the fluorescence imaging of biological surfaces in aqueous buffer solution has been demonstrated recently. [117] Figure 5 c shows near-field fluorescence images of erythrocyte plasma membrane immersed in water with a spatial resolution of about 50 nm. Figure 6 presents fluorescence images of single Cy3 dye molecules covalently bound to the termini of short DNA strands. [105] In this example, efficient far-field background suppression was achieved by time-tagging each detected photon followed by optimized temporal filtering (see Section 5) . Dye molecules spaced less than 10 nm apart are resolved with high signal to noise ratio. Since spectra from highly sensitive CCD cameras can not at present be demodulated at typical tapping mode frequencies in the range of 100 kHz, time-tagging of photons comes at the cost of reduced spectral information. Images acquired with a TOA probe of dye-labeled DNA have been presented in Ref. [107] . Besides providing high spatial resolution, the radially symmetric field distribution at the tip allows the 3D orientation of the transition dipole moment to be visualized. Since the sample is not excited in the farfield, this approach minimizes the far-field background and simultaneously reduces the irreversible bleaching of the fluorescence. [107, 108] Besides the imaging of fluorescent molecules typically used for the labeling of biological structures, TENOM is particularly well suited to the investigation of the photoluminescence (PL) of semiconducting single-walled carbon nanotubes (SWNTs). SWNTs are photoluminescent quasione-dimensional systems with great promise for applications in photonics as well as opto-and nanoelectronics. [118] A rapidly increasing number of studies demonstrate their enormous potential as luminescent markers in biological studies. The emission in the near-infrared spectral region, in which no autofluorescence occurs, is a great advantage. [119] The luminescence efficiency of nanotubes currently varies between a few percent to 10 À4 ; the reason for this is the efficient nonradiative decay caused by defects and coupling to intrinsic non-emissive dark states. [120] [121] [122] [123] [124] Although many fundamental properties have been discovered and explained recently, open questions remain, such as the role of local environmental perturbations and interactions between nanotubes. Tip-enhanced fluorescence microscopy has been shown to be well-suited to visualize and study such phenomena along single nanotubes. [73, 125] Figure 7 a shows the photoluminescence image of nanotubes in the region from 860 nm to 1050 nm. The PL signals are extended along the entire nanotubes, although with different intensities. Energy-resolved images revealed that the extended structure is in fact a thin nanotube bundle comprising a (9,1) and a (6,5) nanotube. [125] The localizing of the two nanotubes simultaneously in the corresponding spectroscopic images with subnanometer precision allowed for the quantification of the distance dependence of the nearfield-mediated energy transfer between the two adjacent nanotubes for the first time. [125] Simultaneous near-field Raman and PL imaging of nanotubes is possible and can be used to compare the different enhancement mechanisms. [73, 126] The observed signal enhancement is typically stronger in the case of PL. This is somewhat surprising since the Raman signal scales with the fourth power of the fieldenhancement factor, whereas the PL signal is expected to scale only quadratically. Equations (2) and (3) indicate that M Flu > M Raman is only possible if (h tip /h 0 ) ! 1. As the quantum yield cannot be larger than unity, M Flu > M Raman requires an intrinsic quantum yield that is very small (h 0 ! 1), as for SWNTs. Since the nonradiative rate k nonrad is not expected to be decreased by the tip, an increased quantum yield requires substantial enhancement of the radiative rate k rad in the presence of the metal tip, as discussed in Section 4. These results demonstrate that tip-enhanced fluorescence microscopy is particularly promising for the fluorescence imaging of weakly emissive (bio-)surfaces.
Tip-Enhanced Raman Scattering
Raman scattering probes the vibrational spectrum of a sample and directly reflects its chemical composition and molecular structure. A main drawback of Raman scattering is the extremely low scattering cross-section, which is typically 14 orders of magnitude smaller than the cross-section of fluorescence. Clearly, both the high spatial resolution and signal enhancement provided by TENOM are needed for the detection of nanoscale sample volumes. In the following, selected examples are used to illustrate the possibilities and perspectives of tip-enhanced Raman scattering (TERS).
Signal Enhancement and Detection Sensitivity
A comprehensive list of reported enhancement factors (reaching up to 5 10 9 ) achieved in TERS is given in Ref. [10] . As discussed in Section 5, the measured relative signal enhancement-the ratio between enhanced near-field signal and background far-field signal-also reflects the different sample areas probed, and thus the field enhancement factors can not be quantified directly. In the derivation of these ratios, uniform sample properties, for example, uniform coverage for films and uniform signal characteristics along one-dimensional structures, are assumed. Figure 8 demonstrates the experimentally determined signal enhancement based on the Raman scattering signal detected from single-walled carbon nanotubes in the presence and absence of the tip. In this example, the signal enhancement was estimated to reach M Raman % (1-50) 10 7 , which corresponds to a field enhancement factor f between 60 and 150. The Raman intensity is recorded as a function of tip-sample distance d to demonstrate the confinement of the enhanced fields in the longitudinal direction.
Several recent publications have demonstrated that single molecules can be detected in tip-enhanced Raman measurements when the single molecules on metal substrates provide additional field enhancement. [54, [128] [129] [130] [131] [132] The actual proof of single-molecule sensitivity is difficult and typically relies on the observation of spectral and intensity fluctuations that Figure 7 . a) Near-field PL image of single-walled carbon nanotubes on mica formed by detecting the total PL between 860 and 1050 nm upon laser excitation at 632.8 nm and 5 mW. b) Near-field PL spectra recorded along the structure reveal that it is a bundle composed of two nanotubes with different emission energies. The structure parameters of both SWNTs were identified as (9,1) and (6, 5) on the basis of the characteristic emission energies. In Ref. [125] , the distance-dependent energy transfer from the (9,1) to the (6,5) nanotube was quantified with subnanometer accuracy.
feature characteristic statistics upon lowering the sample concentration. Signal fluctuations could also result from temporal fluctuation of the enhancement efficiency for a superposition of molecules caused by physical/chemical changes of the adsorption sites and physical instabilities of the TERS tip during the experiment. Signal losses have also been attributed to tip-induced sample heating, which leads to weaker field enhancement by reducing the surface roughness as well as surface diffusion of adsorbates. [133] For extremely high field strength, photochemical modifications of the molecules need to be considered and distinguished in the spectroscopic data. [95, 134] The detection of single molecules on a SERS substrate has been demonstrated unequivocally by using two isotopologues of rhodamine 6G that offer unique vibrational signatures. [135] Strong evidence for single-molecule detection in TERS has been presented very recently through the simultaneous observation of the sample coverage by STM and a linear dependence of the recorded signal amplitudes on the number of molecules within the optically probed area. [136] 
Chemical Analysis of Surfaces
The chemical analysis of molecular species on surfaces is one of the main driving forces for the development of TERS, and holds great promise for applications in different areas such as catalysis. An example for near-field imaging with chemical contrast is shown in Figure 9 .
A thin layer of benzotriazole molecules (BTA), a species that does not provide additional resonance enhancement at the laser excitation energy, has been imaged on a smooth gold film by a gold tip in the focus of a parabolic mirror objective. Here, the optical signal results from a superposition of the Raman scattering from BTA and the photoluminescence from the gold film. As described in Section 3 on field enhancement, additional signal amplification results from nanoscale protrusions within the metal film which lead to the very bright and highly localized features in the optical image (Figure 9 a) . In analogy to tip-enhanced fluorescence imaging (Section 6), the detected TERS signal will reflect the mutual orientation of the Raman scattering tensor and the enhanced fields. More specifically, the relative amplitudes of specific Raman lines can be utilized to extract information on the orientation and to monitor orientational mobility. Additional Raman lines, line splitting, or shifts can occur in the case of chemical binding of the molecule under study to the surface which can help to explore the details of the surface chemistry.
Biopolymers and Biosurfaces
DNA bases show characteristic Raman signatures, and the direct optical sequencing of DNA on substrates by using TERS has been a long-standing dream that has stimulated further development of the technique. Recent experiments on single RNA strands and picomole quantities of DNA bases indicate that this goal could be reachable. [129, 137] The TER spectra shown in Figure 10 of different DNA nucleobases on Au(111) illustrates the enormous sensitivity achieved with TERS. Within the last few years, several TERS studies of biological samples have been reported, including the surfaces of ommatidial lens, [138] adenine nanocrystals, [139] cytochrome c, [140] and bacteria, [141] thus demonstrating the applicability of the technique. 
Stress Imaging in Semiconductors
Since the length scales in semiconductor devices are constantly being reduced, the nanoscale imaging of dedicated stress in, for example, transistor structures, is of enormous technological relevance in regard to further progress in stress engineering. [10, 142, 143] Stress in silicon causes a shift of the Si-Si Raman band by about 4 cm À1 for 1 GPa of biaxial stress. For realistic (3D) stress states in actual device structures, a shift of about 1 cm À1 can be expected. The main challenge for Raman measurements on the nanoscale results from the far-field to near-field sample volume ratio, which makes the resulting variations in the surface signal extremely difficult to extract from the strong confocal background. Moreover, sample heating upon laser excitation also leads to significant Raman shifts of the order of 1 cm À1 per 50 K , thus making the identification of purely stress-induced features difficult. [144, 145] The large reflectivity of silicon means that artefacts, in particular for periodic and layered structures, can result. [142] Different methods based on polarization filtering have been developed for enhancing the contrast and suppression of the background, [10, 146, 147] and TERS is very likely to become a useful tool for the investigation of semiconductor surfaces.
Raman Scattering of Carbon Nanotubes
The combination of the high spatial resolution and spectroscopic contrast achievable in TERS has been demonstrated for single-walled carbon nanotubes. [37, [148] [149] [150] Raman scattering of SWNTs has been studied extensively, [118] and Raman enhancements of up to 10 12 have been reported for nanotubes in contact with fractal silver colloidal clusters.
[151] Figure 11 shows a near-field Raman image of a SWNT on glass together with the simultaneously acquired topography image. The spatial resolution can be determined from the width of the signals presented as line scans to be about 15 nm. The sharpest images observed so far for glass substrates feature an optical resolution of about 10 nm, which is limited by the diameter of the tip. [150] In general, the measured optical width is smaller than the topographic width by about a factor of 1.3. [37, 150] Although the topography signal of nanoscale objects will reproduce the tip shape, the fourth-order dependence of the Raman signal on the field enhancement will provide sharper optical images [Eq. (2)] (Section 4.1). The visualization of intramolecular junctions and defects along single nanotubes by TERS has been presented in Refs. [150, 152] . Similar to the time-tagging approach used for fluorescence imaging (see Section 5), confocal background suppression can be achieved in TERS by correlating the detection event with the tapping mode oscillation. [55] Additional amplification is achieved in tip-enhanced coherent antiStokes Raman scattering (TE-CARS), as demonstrated in Ref. [153] for DNA networks. High spatial image contrast can also be achieved using other local tip-induced effects that do not rely on enhanced optical fields. Pressure-induced shifts of the Raman bands have been utilized in Ref. [154] , and in Ref. [155] the chemical imaging of DNA bases is discussed based on the formation of local bonds with silver atoms at the tip.
Outlook
The results presented in this Review clearly demonstrate that TENOM has developed into a powerful and versatile tool. With this technique, the optical measurement of surfaces 2 . The Raman image was acquired by detecting the intensity of the Raman G band upon laser excitation at 633 nm. [118] The image acquisition time was about 20 minutes. The topography image reveals the roughness of the glass substrate. Shown above are cross-sections taken along the dashed lines in the respective images.
with the highest spatial resolution to date have been achieved together with enormous signal enhancement. In addition, TENOM provides detailed structural information based on the observation of Raman scattering with ultrahigh detection sensitivity. A brief checklist for the applicability of TENOM to the characterization of a particular sample comprises the following points: 1) The surface can be characterized by AFM or STM, thus providing the basis for control over the tipsample distance and the required nanoscale separation.
2) The optically active elements (e.g. Raman scatterers, fluorescent molecules) are close to the surface. 3) The sample shows a stable confocal microscopy signal. The farfield background and the favorable near-field to far-field ratio results in TENOM being particularly effective for 0D and 1D structures, such as point dipoles or wires. The imaging of bulk materials with small spectral contrast, however, remains challenging. Active research currently addresses this issue, and significant improvements in regard to signal enhancement and spatial resolution, eventually reaching a few nanometers, can also be expected within the next years.
Compared to far-field techniques, TENOM is likely to retain slightly higher spatial resolution, since it is limited essentially by the diameter of the tip end. Far-field techniques, however, provide much faster acquisition times than scanning-probe-based TENOM for the fluorescence imaging of high-quantum yield emitters. In fact, STED already permits video-rate fluorescence imaging. [21] Since the signal in TENOM results from electromagnetic near-field interactions between the probe and sample, the detected optical response can differ essentially from the far-field response. Tip-induced signal modifications need to be modeled and understood in detail to exploit this fact for sample characterization and to quantify the near-field optical contrast. For TENOM to develop into a standard procedure with broad applicability, the controlled, reproducible, and ideally parallel fabrication of tips with a high field enhancement factor needs to be achieved. This will be particularly challenging in the case of background-minimizing probes, such as TOA probes. Compact designs integrating optical microscopy and AFM/STM exist and can be optimized further to yield even more userfriendly systems. Besides providing a method for unprecedented sample analysis, TENOM is certainly a fascinating research field that helps to improve our understanding of near-field optical phenomena.
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